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1. Introduction investigated the exergoeconomic performance of a solar 


One of the most common methods used to cool 
environments is the passage of hot air over wet surfaces at 
low temperatures, called "evaporative cooling." This method 
is considered compared to mechanical (compression) cooling 
systems due to its cheaper and non-use harmful refrigerant in 
the ozone layer [1]. An essential drawback of this type of 
cooling is the lack of proper control of ambient humidity. This 
form is produced by the indirect evaporative cooling method 
to a large extent, and cooling with the desired quality is 
prepared. Mode of operation as shown in Figure 1, indirect 
evaporative coolers have two primary and secondary 
airflows. The initial air has no contact with moisture and 
enters the desired environment after cooling. Suppose the 
secondary air is in direct contact with the water film. In that 
case, this action causes the water film to evaporate and the 
transformer plates to cool down, eventually removing heat 
from the primary air. The mixture of these two breaths of air 
provides favorable conditions for the environment. 
Rawabawale and Sapali [2] analytically evaluated the 
influence of size variation of the cooling tower on exergy loss 
and found that the cooling tower with a larger length than 
height yields smaller exergy loss with higher thermal 
efficiency. Kiyaninia et al. [3] experimentally and theoretically 


photovoltaic-based direct evaporative air-cooling system. 
The results showed that for an inlet air with a temperature of 
30°C and relative humidity of 30%, the maximum system 
exergy efficiency was obtained at about 20%. Martineza et al. 
[4] and Nada et al. [5] studied the energy and exergy 
performance of different wet pad materials of evaporative 
coolers through experiments and found that the exergy 
efficiency was between 70% and 94% under different pad 
thicknesses. This research comparatively analyzes the energy 
and exergy performance of indirect flat evaporative coolers 
on the basis of a verified numerical model and experimental 
correlation. 


2. Thermal analysis 
The control volume is considered for thermal analysis of 
the cooler according to Figure 2. It is worth mentioning that 
the analysis of the mass heat transfer process of this type of 
air conditioner is complex. Therefore, in the thermal study, it 
is necessary to consider hypotheses to do the calculations 
quickly. Hypotheses are: 
e Lewis number: 1 = Le 
e Mass heat transfer coefficients are assumed to be 
constant. 
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e The effect of mass heat transfer between secondary air 
droplets is considered to be negligible. 

e Saturation enthalpy changes with humid secondary air 
temperature are linear. 

e The plates are considered completely wet. 

e Heat transfer to the environment is negligible. 


Spray water 


Secondary air flow 


Figure 1. Isometric view of indirect evaporation cooler 
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Figure 2. Control volume of an indirect evaporative cooler 


2.1 Energy balance for primary air 
According to Figure 2, the primary air loses its heat 
significantly, so: 


Uo(t — tw) = Mpcp dt (1) 
As a result, after integration, the number of primary air units 
using X-theory is as follows [6]. 


Uj A 
(NTU) = 7 = 


tr-ty 


-lIn (2) (2) 


t,-tw 
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The initial air impact factor will be as follows. 


tı—t2 


ép = 1 — exp(NTU), = (3) 


tim by 
2.2 Energy balance for secondary air 

In Figure 2, a differential element from the air contact 
surface shows a wet surface. Thermal balance for the earth 
element from [7]: 


hp(hy — h) dA = ms dh (4) 
By integrating equation (5) 


A _ ApcpA _ 


h ho-hw 
(NTU), = 2 


ho-hi 


O n) (5) 


MsCp 
After arranging the above equation, the coefficient of the 
effect of the secondary air is as follows: 

— higho 


€; = 1-—exp(-NTU), = = (6) 


According to the linear proportion of changes in the enthalpy 
of humid air with the ratio of temperatures [8]: 


ho-hi 
Cwb = two- tw; (7) 
Cwb is the specific saturation temperature of equation (7) as 
follows. 
_ tWo- tw; 


€; = 1-—exp(-NTU), = 


(8) 


twi- tw 


Assuming 1 = Le (i.e., assuming that the rate of penetration of 
the rate of heat transfer and mass diffusion are the same at 
the contact surface of air-water): 


h 
Le2/3 = a > hç = Cphp (9) 


With replacement (9) in (5): 


— hħcA _ = two- tw 
(NTU); = 35 = —In oo) 


twi— tw (10) 
2.3. Energy balance between the primary and secondary 
air 
By defining the coefficient of cooling effect in indirect 
evaporative coolers [9]: 
ti—te 
tı- tw; 


& = (11) 


The energy balance equation between the primary and 
secondary air will follow: 


MpCp(t, — tz) = MTs (ho — hi) (12) 


Incidentally, according to equation (7) 


tz = ty — ZE (two — twi) (13) 
While Cmin and Cmax are: 

Cmin = MpCp (14) 
Cmax = MsCwp (15) 


By placing equation (13) in equation (2): 
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— Cmax -tWo- twi 
oe Cmin ` ti— tw ) (16) 


By placing equation (6) in equation (5), water temperature 


(17) 


ty = < 
w 
e(£ ar) tep 


Cmin 


By placing equation (17) in equation (2), the coefficient of the 
cooling effect of the cooler is: 


1 
Ec = ETEN (18) 


Ep 2g MsCwh 


In addition, to calculate the heat transfer coefficients of the 
primary and secondary air passages and the sticky surface, 
respectively [10] are: 


Nu = 0.023Rep,*/°Pr1/?_ Re > 2300 (19) 


Nu=7.54 Re < 2300 (20) 
an 
Where: Repr = a , Dp = 2b 


2.4. Calculate the drop in air flux by multiplying the 
capacity of the air conditioner 
The pressure drop of the whole system due to local 
friction drops is calculated according to the following 
equations [11]. 


L v?p 


2 
AP, = DKF (22) 
AP, = AP; + AP; (23) 


As a result, the required power of the device blower, 
assuming Nm =1, is [12]: 


__ TitpAPp | TitsAPs 


24 
np ü Ns ( ) 
2.5. Calculating the energy efficiency ratio 
The energy efficiency ratio of EER is equal to 
EER = & (25) 
w 


Where Qc is the cooling capacity of the indirect air conditioner 
can be calculated from the following equation. 


Qe = MpCp (ti — t2) (26) 


2.6. Analysis of the second law for indirect plate 

evaporative coolers 

There are several evaluation criteria for the optimal 
operating conditions of thermal systems. One of the most 
reliable criteria is the second law analysis or exergy analysis. 
Figure 2 shows that an indirect plate air conditioner is like a 
plate heat exchanger with the opposite flow for secondary 
airflow and cross-flow for primary air. In order to obtain a 
statement to calculate the initial airflow exergy rate, we 
assume that the surface temperature of the plates is constant 
throughout the length of the plate, which is a reasonable 
assumption for this type of cooler. The rate of production of 
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primary exergies of such plates is as follows, which includes 
two parts: output and output [13, 14]. 


(ep) in = Ratıln (1 + 1.6)w, (27) 


(etp) out = Cpto (2 mae m2) + Rato ln (1 _ >) 4 
Ratoln (1 + 1.6)w, (28) 


Moreover, entropy production for secondary air is in 
equations (29) and (30). In addition to heat transfer and 
friction, it also has the mass transfer term due to evaporation, 
which consists of input and output. 


= twi twi 
(ets) in = (cp + WCpy)to a 1- in“) + (1 + 
14+1.6W9 


P sia 
1.6 )Rato In (G) + Rato[(1 + 1.6w0)ln miso | 


1.6, In= ] (29) 
wo 


(ets) out = (cp + WourCpy)to (= —1-—-in we) +(1 + 


AP 1+1.6%w0 
1.6wout) Rato In (1 — ~) + Rato[(1 + 1.60 ue)In ee 
1.6Woyr In Sout ] (30) 


As a result, the total entropy production rate is calculated as 
follows: 


Sgen = H { [riety T Tasers], — [Mperp + rinsers| ue} (31) 


Based on the entropy production equations (27 to 31), the 
design method of indirect coolers mentioned in the first part 
of the article, the functional relationship of the total entropy 
production rate is as follows: 


Sgen = f (p, s, L, w) (32) 


3. Results and Discussion 

A computer code has been prepared to calculate the 
design values such as the temperature of the air leaving the 
air conditioner, the energy efficiency ratio, and to observe the 
effect of effective parameters such as plate length and mass 
flow rate on the EER according to Figure 3. Figures 3 and 4 
result from these calculations. As shown in Figure 4, the initial 
outlet air temperature of the T2 model was compared with 
the experimental reference results [4]. The difference 
between the modeling results and the experimental results is 
about 3%, and this difference is due to ignoring the effects of 
environmental parameters in modeling. Figure 5 compares 
the cooling effect of X with the experimental results [4]. After 
designing the system according to equations (27) to (32), the 
entropy produced by the system is investigated. It is evident 
that the system, based on the design conditions, is faced with 
limitations in selecting the values of W and L. Due to these 
limitations, the mentioned values must be considered in a 
specific range. The variables are examined by keeping the 
other parameters constant on the entropy production rate of 
the system, and finally, the optimal values of the system 
design are obtained. It is worth noting that the optimization 
of design variables by the exergy method (the second law of 
thermodynamics) is not economically optimal for systems. 
Therefore, in practice, in order to optimize the systems, both 
thermo economic studies should be done. 
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Figure 3. Flowchart design of direct evaporative coolers 


Figure 6 shows the entropy production rate in terms of 
the secondary air flow rate changes at a constant value of the 
primary airflow rate. The design shows that the maximum 
and minimum point distance values are minimal. Figure 7 
shows the entropy production rate of initial airflow. As shown 
in this figure, the maximum and minimum entropy 
production points are not within the design range. This trend 
indicates the low sensitivity of the entropy production rate to 
the initial air flow rate. 
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Figure 4. Comparison of the initial air outlet temperature of 
the model with experimental results 
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Figure 5. Comparison of the cooling coefficient of the model 
air conditioner with the experimental results 


Figures 8 and Figure 9 show the entropy production rate 
in secondary air discharge in different primary discharges 
and the entropy production rate in secondary air discharge in 
different primary discharges, respectively. As can be seen, at 
a certain amount of primary or secondary air flow rate, the 
minimum entropy production can be achieved by selecting 
another reasonable flow rate. Figure 10 also shows the 
entropy production rate in terms of plate length. It is 
observed that the longer the plate lengths are selected in this 
type of short coolers, the more the entropy production rate 
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increases. As a result, the length of the pages should be 
selected by the primary and secondary discharges for 
maximum efficiency. 
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Figure 6. Entropy production rate in terms of secondary air 
flow 
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Figure 7. Entropy production rate in terms of initial air 
flow 
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Figure 8. Entropy production rate in terms of primary air 
discharge in secondary discharges 
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Figure 9. Entropy production rate in terms of secondary air 
flow in primary flows 
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Figure 10. Entropy production rate in terms of plate 
length in secondary discharges 


4. Conclusions 

In this study, the energy and exergy performance of 
cooling indirect flat evaporative coolers and direct 
evaporative coolers are compared and analyzed on the basis 
of the developed mathematical model. The main conclusions 
are given as follows: 

1) Indirect evaporative coolers have better performance 
than direct evaporative coolers in dry areas. 

2) Exergy analysis is an excellent tool to optimize the 
parameters affecting the performance of indirect 
evaporators. The increased fresh air flowrate reduces the 
cooling efficiency and exergy efficiency of all evaporative 
coolers. 
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Abbreviations and Greek symbols 


Effective heat transfer surface (m?) 

The distance between the two cooler plates (m) 
Maximum heat transfer capacity(W/°C) 
Minimum heat transfer capacity(W/°C) 

Specific heat capacity to air (KJ/Kg °C) 

Specific heat capacity of water vapor (KJ/Kg °C) 
Hydraulic diameter (m) 

Primary air exergy (W/KgK) 

Secondary air exergy (W/KgK) 

Enthalpy of secondary air inlet (KJ/Kg) 
Enthalpy of secondary air outlet (KJ/Kg) 
Enthalpy of air saturation at the common air and 
water level (KJ/Kg) 


Local drop coefficient 

The length of the plates of indirect evaporators 
(m) 

Louis Number 

Air mass flow (Kg/s) 

Primary air flow (Kg/s) 

Secondary air flow (Kg/s) 

Energy efficiency ratio 

Friction coefficient 

Conduction heat transfer coefficient (W/m2°C) 
Mass transfer coefficient (Kg/m2s) 

Nusselt number 

Pressure drop due to friction (Pa) 

Local pressure drop (Pa) 

Initial pressure drop 

Secondary pressure drop 

Prandt number 

Reynolds number 

Production entropy 

Dry bubble temperature of the primary air inlet 
Dry bubble temperature of the primary air outlet 
Wet bubble temperature of secondary air inlet 
Wet bubble temperature of secondary air outlet 
Saturation temperature of the joint surface of air 
and water 

Ambient temperature 

Mass flow of water 

Number of primary air transfer units 

Number of secondary air transmission units 

The total heat transfer coefficient between the 
primary air and the common surface of the 
secondary air of water 

Cooler effect coefficient 

Primary air impact coefficient 

Secondary air impact coefficient 

Air density 

Fan efficiency of the first part 

Secondary fan efficiency 

Adhesion coefficient 

Humidity for secondary exhaust air 

Humidity for the environment 
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